Prematurity is associated with diverse developmental abnormalities, yet few studies relate cognitive and neurostructural deficits to a dimensional measure of prematurity. Leveraging a large sample of children, adolescents, and young adults (age 8-22 years) studied as part of the Philadelphia Neurodevelopmental Cohort, we examined how variation in gestational age impacted cognition and brain structure later in development. Participants included 72 preterm youth born before 37 weeks' gestation and 206 youth who were born at term (37 weeks or later). Using a previously-validated factor analysis, cognitive performance was assessed in three domains: (1) executive function and complex reasoning, (2) social cognition, and (3) episodic memory. All participants completed T1-weighted neuroimaging at 3 T to measure brain volume. Structural covariance networks were delineated using non-negative matrix factorization, an advanced multivariate analysis technique. Lower gestational age was associated with both deficits in executive function and reduced volume within 11 of 26 structural covariance networks, which included orbitofrontal, temporal, and parietal cortices as well as subcortical regions including the hippocampus. Notably, the relationship between lower gestational age and executive dysfunction was accounted for in part by structural network deficits. Together, these findings emphasize the durable impact of prematurity on cognition and brain structure, which persists across development.
Prematurity is defined by the World Health Organization as the delivery of an infant before 37 weeks' gestation (World Health Organization 2012) , and is associated with diverse neurodevelopmental deficits (Foulder-Hughes and Cooke 2003; Peterson et al. 2003; Inder et al. 2003 Inder et al. , 2005 Taylor et al. 2004 Taylor et al. , 2006 Hintz et al. 2015; Rogers et al. 2017) . Most studies on the effects of premature birth adopt a case-control approach that compares those born preterm (usually those born very (<32 weeks) or extremely preterm (<28 weeks)) to those born term (Peterson et al. 2000 (Peterson et al. , 2003 Nosarti et al. 2002; Delobel-Ayoub et al. 2009; Karolis et al. 2017; Kroll et al. 2017) . Given that those born moderately (32-34 weeks) or late preterm (34-37 weeks) comprise 80% of preterm births (Ritchie et al. 2015; Cheong et al. 2017) and show evidence of cognitive deficits (Hodel et al. 2017 ), a dimensional approach that incorporates the spectrum of prematurity may be complementary to the traditional case-control approach.
The effects of premature birth span the developmental period. Neurocognitive impairments associated with prematurity have been shown to persist throughout childhood (Peterson et al. 2000; Foulder-Hughes and Cooke 2003; Taylor et al. 2004 Taylor et al. , 2006 Delobel-Ayoub et al. 2009; Cheong et al. 2017) , adolescence (Nosarti et al. 2004 (Nosarti et al. , 2005 Taylor et al. 2011; Cheong et al. 2013) , and young adulthood (Hack et al. 2002; Allin et al. 2006; Nosarti et al. 2014a) . Compared with full term peers, infants born at extreme to late preterm gestations show lower IQ (Peterson et al. 2000; Hack et al. 2002; Pharoah et al. 2003; Cooke 2005; Allin et al. 2006; Cheong et al. 2013; Nosarti et al. 2014a; Kroll et al. 2017) , impaired language development (Taylor et al. 2004; Nosarti et al. 2008; Cheong et al. 2017) , reduced motor skills (Foulder-Hughes and Cooke 2003; Taylor et al. 2004; Cheong et al. 2017) , and executive function deficits (Curtis et al. 2002; Taylor et al. 2004; Nosarti et al. 2007 Nosarti et al. , 2008 Nosarti et al. , 2014a Wehrle et al. 2016; Kroll et al. 2017 ) Additionally, children, adolescents, and young adults born prematurely show greater emotional and behavioral difficulties than full term comparisons including reduced social competence (DelobelAyoub et al. 2009; Ritchie et al. 2015; Cheong et al. 2017) , and greater behavioral problems such hyperactivity/inattention (Foulder-Hughes and Cooke 2003; Nosarti et al. 2005; DelobelAyoub et al. 2009 ). In addition to cognitive and behavioral deficits associated with prematurity, an accumulating body of work using in vivo neuroimaging indicates that prematurity is associated with abnormalities of structural brain development.
Abnormal neuroanatomical development may underlie the observed differences in neurocognitive outcomes of prematurelyborn infants. A meta-analysis of structural magnetic resonance imaging (MRI) studies demonstrated that children and adolescents born before 32 weeks' gestation showed reduced gray matter volumes in multiple brain regions (de Kieviet et al. 2012 ). Specifically, structural imaging studies have demonstrated that compared with full term comparators, those born preterm showed distributed gray matter volume deficits in orbitofrontal, temporal, and parietal cortices as well as in subcortical regions including caudate, hippocampus, amygdala, and thalamus (Nosarti et al. 2002 (Nosarti et al. , 2008 Nagy et al. 2009; Cheong et al. 2013; Cismaru et al. 2016; Keunen et al. 2016; Botellero et al. 2017; Karolis et al. 2017; Tseng et al. 2017) . Furthermore, structural abnormalities have been linked to deficits in intelligence, motor, and academic abilities , to increased psychiatric symptoms (Botellero et al. 2017) , and to impaired memory performance in those born very preterm. However, studies seeking to link structural brain abnormalities and neurocognitive impairment in preterm youth often use a case-control design rather than a dimensional approach, and many of these studies restrict their analyses to those born very or extremely premature (Nosarti et al. 2002 (Nosarti et al. , 2008 (Nosarti et al. , 2014b de Kieviet et al. 2012; Cheong et al. 2013; Anderson et al. 2017; Karolis et al. 2017; Tseng et al. 2017) . Given evidence of smaller cerebral volumes in moderately preterm infants (Niwa et al. 2017) , studies are needed that examine the impact of gestational age on brain structure and cognition across the full range of prematurity.
Most prior studies of brain structure have examined brain volume within specific regions or across hundreds of thousands of voxels using voxel-based morphometry (VBM). However, these approaches have limitations. On one hand, focused regional analyses are limited by their narrow scope. In contrast, wholebrain VBM studies are limited by either reduced power (or conversely a high risk of false positives) due to the large number of multiple comparisons. Recent investigations have instead attempted to describe configurations of structural covariance between selected brain regions, highlighting patterns of coordinated development (Mechelli 2005; Evans 2013 ). Structural covariance analyses take into account the tendency for brain volumes to vary consistently across both regions and individuals, and thus allow brain structure to be modeled as a complex network (Zielinski et al. 2010; Alexander-Bloch et al. 2013 ). Existing studies have described differential patterns of structural covariance in several regions in preterm adolescents, including the caudate, thalamus, and several other cortical and subcortical regions (Nosarti et al. 2011) as well as within the bilateral temporal and inferior frontal lobes in young adults (Scheinost et al. 2017) . The functional significance of altered structural covariance networks is just beginning to be explored. For example, in adolescents born at less than 31 weeks' gestation, differential patterns of covariance within the bilateral temporal lobes, inferior frontal lobes, and caudate were correlated with worse performance on measures of language development, including phonological processing (Scheinost et al. 2017 ). However, these prior studies used a seed-based approach that requires choosing a restricted number of seed regions a priori.
One recently-developed alternative to such seed-based covariance analyses is non-negative matrix factorization (NMF; Sotiras et al. 2015) . Originally used for computer vision research (Lee and Seung 1999) , NMF is a machine learning technique that can delineate structural covariance networks over the entire brain. As NMF is not limited to a small number of pre-defined anatomical seeds, it provides a more comprehensive description of covariance networks. Networks derived from NMF align well with functional brain networks, are highly reproducible, and maximize statistical power by limiting multiple comparisons (Sotiras et al. 2017) . Thus far, no prior studies have used NMF to examine structural covariance networks in preterm youth.
Accordingly, here we investigated the impact of prematurity on cognitive performance and brain structure in a large sample of youth imaged as part of the Philadelphia Neurodevelopmental Cohort (PNC; Satterthwaite, Elliott, et al. 2014; Satterthwaite et al. 2016) . In contrast to prior case-control studies, we examined the effect of gestational age on cognition and brain structure on a dimensional basis, and included youth ranging from those born extremely preterm to those born full term. We also utilized NMF to delineate structural covariance networks that are not limited to seed-based analyses. We predicted that prematurity would be associated with individual differences in cognition. To evaluate this, we examined cognitive functioning in three domains: (1) executive function and complex reasoning, (2) social cognition, and (3) episodic memory. Furthermore, we predicted that dimensionally-defined prematurity would be associated with reduced volume in frontal, temporal, and subcortical brain networks. Lastly, we predicted that reduced performance on executive tasks would be in part accounted for by the observed structural deficits. As described in the Results below, we found that deficits within structural brain networks are related to the extent of prematurity, and may in part explain the relationship between preterm birth and executive deficits in youth.
Materials and Methods

Participants
A total of 9500 youths received a comprehensive neurocognitive assessment battery (Gur et al. 2010; Moore et al. 2015) and 1601 of these participants completed multimodal neuroimaging as part of the PNC (Satterthwaite, Elliott, et al. 2014; Satterthwaite et al. 2016) , a large-scale community-based study of brain development. Gestational age was determined from a retrospective review of two electronic medical records systems. We identified 345 PNC participants who completed neuroimaging and had information available about gestational age, which was defined as the number of weeks of gestation at the time of birth. Of these, 257 were born full term and 88 were born preterm (<37 weeks). From these 345 participants, 42 were excluded for: medical disorders that could impact brain functioning (n = 21), medication use that could affect brain functioning (n = 17), or substantial structural brain abnormalities (n = 8); several subjects were excluded for multiple criteria. Of the remaining participants, 21 individuals were excluded for failing to meet structural image quality assurance protocols. Four participants were missing data on maternal level of education. The final sample consisted of 278 youth (mean age = 13.26 years, SD = 3.52, range = 8-22 years, 135 males; 160 non-white). Demographics of the sample are summarized in Table 1 . Notably, gestational age was not significantly related to age at time of imaging (P = 0.386) or level of maternal education (P = 0.906). Male and female participants did not differ in terms of mean gestational age (P = 0.962).
Neurocognitive Battery
All participants completed a cognitive assessment as measured using the University of Pennsylvania Computerized Neurocognitive Battery (CNB; Gur et al. 2010) . The tests included in the CNB have been described in detail elsewhere (Gur et al. 2010; Moore et al. 2015) and are also described in the supplemental methods. The CNB, which measures performance accuracy and response time, consisted of an hour-long battery of 14 cognitive tests of executive control, episodic memory, complex reasoning, social cognition, and sensorimotor/motor speed administered in a fixed order.
In previous work with the full-sample of 9500 participants who completed the CNB (Moore et al. 2015) , an exploratory factor analysis with oblique rotation revealed that the 14 cognitive tests could be summarized into three factors: (1) executive function and complex reasoning, (2) social cognition, and (3) episodic memory. Subsequent confirmatory bifactor analyses also generated a measure for overall performance accuracy. The impact of gestational age on the scores for this general accuracy factor and the three correlated-traits cognitive dimensions (executive function, social cognition, and episodic memory) were evaluated in statistical analyses as described below.
Image Acquisition
Structural image acquisition and processing are reported in detail elsewhere (Satterthwaite, Elliott, et al. 2014; Satterthwaite et al. 2016) . Imaging data were acquired on the same MRI scanner (Siemens TIM Trio 3 Tesla, Erlangen, Germany; 32-channel head coil) using the same imaging sequences for all participants. Structural brain scanning was completed using a magnetizationprepared, rapid acquisition gradient-echo (MPRAGE) T1-weighted image with the following parameters: TR 1810 ms; TE 3.51 ms; FOV 180 × 240 mm; matrix 256 × 192; 160 slices; slice thickness/ gap 1/0 mm; TI 1100 ms; flip angle 9 degrees; effective voxel resolution of 0.93 × 0.93 × 1.00 mm; total acquisition time 3:28 min.
Image Processing
Structural data was measured using regional analysis of volumes examined in normalized space (RAVENS; Davatzikos et al. 2001 ). RAVENS maps are conceptually similar to other VBM methodologies but have been shown to be more accurate than other methods (Davatzikos et al. 2001) . We used Deformable Registration via Attribute Matching and Mutual-Saliency Weighting (DRAMMS), a software package designed for image registration, to construct gray matter RAVENS maps. RAVENS maps were then registered to study-specific, population-average template. This method ensured that the template had the maximum overall similarity to all images in the dataset and did not introduce registration accuracy bias. RAVENS images were down-sampled to 2 mm and smoothed with an 8 mm full-width, half maximum Gaussian kernel prior to NMF analyses. All voxel-wise RAVENS maps were reviewed manually as part of quality assurance procedures. T1 image quality was independently assessed by three expert image analysts (for full details of this procedure see Rosen et al. 2017) . Briefly, three raters were trained prior to rating images on an independent training sample of 100 images. All three raters were trained to >85% concordance with faculty consensus ratings. T1 images were rated on a 0-2-Likert scale (0 = unusable images, 1 = usable images with some artifact, and 2 = images with none or almost no artifact). All images with an average rating of 0 were excluded from analyses. These average manual quality ratings were also included in sensitivity analyses.
Non-negative Matrix Factorization
We examined structural covariance networks for two reasons. First, prior work has shown that there are inherent patterns of covariance in brain structure (Zielinski et al. 2010; AlexanderBloch et al. 2013) , and analyzing the data according to this covariance structure enhances interpretability. Second, an efficient summary of the volumetric data reduces the vulnerability to false positive results, which are more likely to occur when conducting inference tests over hundreds of thousands of voxels as in typical analyses (Eklund et al. 2016) . Accordingly, we used NMF to identify structural networks. NMF is a data-driven method for extracting structural networks where volume covaries consistently across all participants (Sotiras et al. 2015) . NMF is advantageous because it produces parts-based representations of imaging data and yields networks that are more interpretable and reproducible than other decomposition techniques such as Principal Component Analysis, Independent Component Analysis, and other related methods (Sotiras et al. 2015) .
To derive NMF networks, first the NMF algorithm takes an input matrix X ("Volume Data") containing voxel-wise RAVENS estimates (dimensions: 128,155 voxels × 278 participants), and approximates that matrix as a product of two matrices with non-negative elements: X ≅ BC (Fig. 1) . The first matrix, B, is of size V × K and contains the estimated non-negative networks and their respective loadings on each of the V voxels where K is the user-specified number of networks. The B matrix, or "Network Components," is composed of coefficients that denote the relative contribution of each voxel to a given network. These non-negative coefficients of the decomposition represent the entirety of the brain as a subject-specific addition of various parts. The second matrix, C, is of size K × N and contains subject-specific weights for each network. These subjectspecific weights ("Volume Scores") indicate the contribution of each network in reconstructing the original RAVENS map, and were evaluated for associations with gestational age as described in section Group-level statistical analyses.
Consistent with prior studies using this technique (Sotiras et al. 2015 (Sotiras et al. , 2017 , we ran multiple NMF solutions requesting 2-30 networks (in steps of two) in order to obtain a range of possible solutions for comparison. We then calculated the reconstruction error for each solution as the Frobenius norm between the RAVENS data matrix and the NMF approximation and plotted the reconstruction error for all solutions. NMF networks were visualized on the inflated Population-Average, Landmark-, and Surface-based (PALS) cortical surfaces using Caret (Van Essen et al. 2001; Van Essen 2005) .
Group-level Statistical Analyses
After deriving the final solution from NMF analyses, we identified networks where volume was related to gestational age at birth (in weeks). Given that brain development is known to be a non-linear process (Giedd et al. 1999; Lenroot et al. 2007; Satterthwaite, Shinohara, et al. 2014) , we modeled both linear and non-linear age effects using penalized splines within a generalized additive model (GAM; Wood 2001 Wood , 2004 . The GAM was implemented to assess a penalty on non-linearity using restricted maximum likelihood (REML) in order to avoid overfitting, and thus captures both linear and non-linear effects in a data-driven fashion. GAMs were implemented using the R package "mgcv" (https://cran.r-project.org/web/packages/mgcv/ index.html). Based on prior work documenting sex differences in brain volume (Gur et al. 1999 ), we included sex as a covariate in the model. Furthermore, maternal level of education was added as an additional covariate as a proxy for socio-economic status.
We also performed relative likelihood ratio tests in order to test for the presence of a non-linear effect of gestational age. The parameter estimate for non-linear gestational age was fit as a random effect and tested using simulation-based likelihood ratio tests with 500 000 simulations (Scheipl et al. 2008 ; Non-negative matrix factorization. In this schematic, X represents the original data matrix as the product of two matrices, B and C. X contains the wholebrain volume data (RAVENS maps) for each voxel (rows) and for all subjects (columns). Above the X matrix is an example of the whole-brain volume data for one subject. B is matrix which contains the reduced number of K networks derived from NMF, and the loadings for each voxel on each of these networks. Above B is one example of NMF network loadings. C is a matrix that contains the subject-specific coefficients for volume in each network. The histogram above shows a sample row of the C matrix with scores for all subjects in one network. Importantly, both B and C are greater than or equal to 0, thus elements of the factorization are nonnegative. Matrices are shown with following dimensions: V = number of voxels, N = number of participants; K = number of networks. Wood 2011; Vandekar et al. 2015) . The effect of gestational age was not found to have any significant non-linearity within our generalized additive models and, thus, non-linear gestational age was not included in the model. All models used the REML procedure, which produces unbiased estimates of variance and covariance parameters. Thus, the final model for both cognitive and image analyses was as follows (where Y is either cognitive factors or NMF networks):
First, we used this model to evaluate gestational age as a predictor of cognitive performance (as summarized by the factor scores described above). Second, we tested for associations between gestational age and volume in each of the NMFderived structural covariance networks. To control for multiple testing across either cognitive factors or NMF-derived volume networks, we used the False Discovery Rate correction (FDR, Q < 0.05; Benjamini and Hochberg 1995).
Mediation Analyses
As a final step, we investigated whether the relationship between cognitive performance and gestational age was potentially accounted for by volume in the NMF-derived networks. We first assessed whether the structural covariance networks impacted by gestational age were similarly associated with performance on cognitive domains linked to gestational age. This was accomplished using the model described above, but in this case analyses were limited to networks where a significant association between gestational age and volume were found. Mediation analyses using the same covariates as prior were conducted using the procedures outlined by Preacher and Hayes using SPSS Statistics 22 (Preacher and Hayes 2008) . Specifically, we examined the total effect of gestational age on cognitive performance (c path), the relationship between gestational age and volume (a path), the relationship between volume and cognitive performance (b path), and the direct effect of gestational age on cognitive performance after adding volume as a mediator to the model (c' path). The indirect effect of gestational age on cognitive performance through the proposed mediator (network volume) was tested using both the Sobel test and bootstrapping procedures, which make fewer assumptions about the sampling distribution (Preacher and Hayes 2008) . This procedure involves computing unstandardized indirect affects for each of 10 000 bootstrapped samples and calculating the 95% confidence interval. Multiple comparisons were accounted for using FDR corrected P-values for the Sobel tests, while the bootstrapping confidence intervals were confirmatory.
Sensitivity Analyses
We conducted separate sensitivity analyses to ensure that our results were not influenced by data quality, race, psychiatric medication use, or extremely preterm individuals. First, we added mean image quality ratings (described above) as an additional covariate in the model to ensure that image quality did not drive the observed associations between network volume and gestational age. Second, we tested whether adding race as an additional covariate in the model affected the results, given that there is a heightened risk of prematurity in underrepresented groups. Third, we tested the same models after excluding the minority (12%) of participants who were taking psychiatric medications at the time of imaging. For the percentage of the sample taking each class of psychiatric medication, see Supplementary Table 1 . And fourth, we removed those born extremely premature to test whether the associations were entirely driven by the extremely preterm youth.
Finally, in order to ascertain whether our choice of network dimensionality influenced the results, we conducted additional analyses. First, we conducted NMF analyses on the entire sample from the PNC (n = 1396 following medical exclusions and quality assurance) to determine whether this larger sample also suggested a 26-network solution. Second, to illustrate the stability of the 26-network solution, we conducted a split-half reliability analysis on the larger PNC sample. Third, we conducted the same gestational age analyses in the preterm sample using a 14-network solution for comparison with the 26-network solution. Lastly, we compared results from the NMFbased networks with traditional anatomically-defined regions, obtained using an advanced multi-atlas labeling approach. Specifically, 24 young adult T1 images from the OASIS dataset that were manually labeled by Neuromorphometrics, Inc. (http:// Neuromorphometrics.com/) were registered to each subject's T1 image using the top-performing SyN diffeomorphic registration (Klein et al. 2010; Avants et al. 2011 ). These label sets were synthesized into a final parcellation using joint label fusion (JLF; Wang et al. 2013) .
Results
The Extent of Prematurity is Related to Individual Differences in Cognition
Lower gestational age at birth was associated with diminished overall cognitive accuracy (P = 0.03). In order to understand this effect, we examined each cognitive factor individually. We found that lower gestational age at birth was related to reduced executive function (P = 0.02); no significant relationship was found between gestational age and factors summarizing social cognition or episodic memory.
Non-negative Matrix Factorization Identifies Structural Covariance Networks
Structural covariance networks were derived using NMF, as described above. As expected, reconstruction error consistently decreased as the number of networks increased. Similar to previous applications of this method (Sotiras et al. 2015) , reconstruction error stabilized at 26 networks ( Supplementary Fig. 1 ). To validate our choice of the 26-network solution, we conducted NMF analyses on a much larger sample from the PNC (n = 1396) and found that the reconstruction error gradient plot for this large sample also suggests the 26-network solution is optimal ( Supplementary Fig. 2) . Additionally, to illustrate the stability of the 26-network solution, we conducted a split-half reliability analysis on the full PNC sample (n = 1396). The splithalf results demonstrated a very high Adjusted Rand Index (ARI) for the 26-network solution (ARI = 0.98; see Supplementary  Fig. 3 ), which suggests that our chosen solution is highly stable. Accordingly, the 26-network solution was used for all subsequent analyses (Fig. 2) . As in prior work using NMF (Sotiras et al. 2015 (Sotiras et al. , 2017 , the structural covariance networks identified were highly symmetric bilaterally ( Supplementary Fig. 4 ). NMF clearly delineated networks corresponding to visual (network 15), and somoatosensory cortex (network 10). Networks within the higher-order association cortex were also represented, including the anterior cingulate cortex (network 13), posterior cingulate/ precuneus (network 7), and ventromedial prefrontal cortex/ Gestational Age is Dimensionally Associated with Structural Brain Network Abnormalities Nassar et al. | 5 orbitofrontal cortex (network 4). Medial temporal regions, the hippocampus, and the amygdala were joined in a network that also included the ventral striatum and anterior insula (network 2).
Prematurity is Associated with Smaller Volumes in Multiple Structural Covariance Networks
Having identified 26 structural covariance networks using NMF, we examined the associations of these networks with gestational age while controlling for sex, linear and non-linear age effects (using a penalized spline), and level of maternal education. Analyses revealed a significant association between gestational age and 11 networks following FDR correction (Fig. 3 and Table 2 ). In each of these networks, there was a positive association between gestational age and network volume. Notably, the strongest effects were found in networks that involved orbitofrontal, temporal, parietal cortex, as well as subcortical regions including the hippocampus.
Structural Network Abnormalities Account for Executive Deficits Associated with Prematurity
As lower gestational age was associated with both impaired executive function and smaller volumes in structural brain networks, we next evaluated whether executive functioning was also related to the magnitude of structural abnormalities in these particular networks. Impairments in executive functioning were significantly associated with smaller brain volumes in the same 11 networks identified as having a significant relationship with gestational age after FDR correction (see Table 3 ). These results suggest that alterations in brain structure associated with prematurity could be related to observed impairments of executive function. To test this explicitly, we conducted a mediation analysis, which revealed significant effects for seven brain networks. Networks where a significant association was present included regions such as the orbitofrontal cortex, lateral temporal cortex, and the hippocampus (Fig. 4 and Table 4 ). This suggests that the impact of gestational age on executive functioning may be potentially accounted for by deficits in brain structure.
Sensitivity Analyses
As a final step, we conducted sensitivity analyses to ensure that our results were not influenced by data quality, race, psychiatric medication use, or extremely preterm individuals.
When mean image quality (averaged across three expert raters) was added as a model covariate, the same 11 (of 26) NMF networks continued to show significant associations with gestational age after FDR correction (Supplementary Table 2 Gestational Age (Weeks) Volume of Network 2 (a.u.) Figure 3 . Gestational age is associated with smaller volumes in multiple structural networks. (A) Lower gestational age is associated with diminished volumes in 11 structural covariance networks which included orbitofrontal (4), temporal (1, 8, 22), parietal (7, 10, 23) , and occipital (26) regions as well as subcortical regions (2, 18) including the hippocampus. Composite network boundaries were obtained by assigning each voxel to the network which has the highest loading for that voxel (from the B matrix), across all 26 networks. Multiple comparisons were accounted for using the False Discovery Rate (Q < 0.05). (B) Scatterplots show the relationship between gestational age and volume in Networks 2 and 4, which represent hippocampus/caudate/insula and medial orbitofrontal cortex, respectively. Dotted lines represent the 95% confidence interval. Gestational Age is Dimensionally Associated with Structural Brain Network Abnormalities Nassar et al. | 7 this network remained significant at uncorrected levels (Supplementary Table 3 ). When participants taking psychoactive medication were excluded, 9 of 11 NMF networks remained significant after correction with FDR; networks 8 and 18 no longer survived correction for multiple comparisons but were significant at uncorrected levels (Supplementary Table 4 ). After removing those born extremely premature (<28 weeks gestation), we found that the associations between gestational age and volume size were somewhat less strong-as would be expected given the restricted range of values-but were still in the expected direction (Supplementary Table 5 ). In this subgroup, networks 7, 10, and 19 were no longer significant at uncorrected levels.
Supplemental analyses also showed high correspondence between the 26-network solution and an alternative 14-network solution in terms of brain regions associated with gestational age. In particular, 8 of the 14 networks showed significant associations with gestational age, including regions such as the lateral temporal pole, orbitofrontal cortex, insula, precuneus, superior temporal gyrus, and putamen. And finally, we used structural regions of interest (ROIs) derived from a JLF parcellation for comparison to NMF. The JLF ROIs showed similar regions associated with gestational age including the orbitofrontal and temporal cortices, as well as the insula, amygdala, caudate, hippocampus, and precuneus ( Supplementary Fig. 5 ). Figure 4 . Lower executive functioning in preterm youth is accounted for in part by deficits in structural covariance networks. (A) Based on the significant relationship between gestational age and both executive function and several key structural covariance networks, we tested the prediction that the association between cognitive performance and gestational age was accounted for by individual differences in structural covariance networks. (B) Mediation analyses revealed significant indirect effects for seven networks, suggesting the impact of gestational age on executive function may be driven in part by deficits in brain structure. Multiple comparisons were accounted for using the False Discovery Rate (Q < 0.05). 
Discussion
The current study evaluated the dimensional impact of gestational age on long-term cognitive outcomes and structural brain networks in a large sample of youth. We identified three inter-related results that increase our understanding of the impact of prematurity on neurodevelopment. First, lower gestational age was associated with lower overall cognitive accuracy, and specifically with deficits in executive function. Second, lower gestational age was associated with smaller brain volumes in several structural brain networks involving the orbitofrontal, temporal, and parietal cortices as well as subcortical structures including the hippocampus. Third, the relationship between lower gestational age and executive deficits was accounted for in part by smaller brain volume in these structural networks. Taken together, these results emphasize that prematurity is a dimensional, rather than categorical, risk factor for neurodevelopmental abnormalities across development.
The results of the current study were facilitated by the use of an advanced image analysis technique, NMF (Sotiras et al. 2015) , which allowed us to delineate structural covariance networks in a data-driven fashion. NMF is particularly effective at partitioning high-dimensional MRI data into more meaningful networks. In comparison to the compact, positive signed networks produced by NMF, Principal Component Analysis and other techniques produce widely-dispersed networks that have both positive and negative directions, often limiting straightforward interpretations. NMF also improves statistical power compared to standard mass-univariate analyses typical of VBM studies, as correction for multiple comparisons occurs over a small number of structural networks, rather than hundreds of thousands of individual voxels. Using NMF, we found that lower gestational age was associated with smaller volumes in a number of cortical and subcortical networks, representing regions that undergo substantial structural and functional changes in utero. The results of this study suggest that structural covariance networks derived from NMF are sensitive to the effects of premature birth. The impact of prematurity on structural covariance networks has been shown in studies using seed-based structural connectivity (Nosarti et al. 2011; Scheinost et al. 2017) , suggesting that developmental changes following preterm birth are related to complex interrelations across brain regions. However, NMF is advantageous over seed-based covariance analyses because it is not limited to a small number of anatomical seed regions chosen a priori.
Our findings are consistent with previous studies showing that premature birth is associated with smaller volumes in both cortical and subcortical regions (Nosarti et al. 2002 (Nosarti et al. , 2008 Nagy et al. 2009; Cheong et al. 2013 ). Previous studies have described long-lasting structural brain alterations following preterm birth, including smaller gray and white matter volumes (Nosarti et al. 2008; Nagy et al. 2009 ), as well as regional volumetric differences within structures such as the hippocampus (Isaacs et al. 2000; Nosarti et al. 2002; Beauchamp et al. 2008 ) and amygdala (Cismaru et al. 2016) . The preterm brain is vulnerable to impaired neurodevelopment, as the majority of brain development occurs in the third trimester. The third trimester of pregnancy represents a time of rapid growth and elaboration of the fetal brain, characterized by extensive neuron production, migration and differentiation, as well as the formation of gyri and sulci (Stiles and Jernigan 2010; Kersbergen et al. 2016) . Thus, prematurity during this important period may have profound effects. The current study extends prior work by examining prematurity dimensionally across the continuum from extremely preterm to full term.
We provide evidence for both executive dysfunction and structural brain abnormalities across development that scale with the extent of prematurity. Executive function has been described as a collection of interdependent abilities and skills that are responsible for goal-oriented behavior (Taylor and Clark 2016; McKenna et al. 2017) . Preterm individuals demonstrate poorer executive functioning across a range of tasks including verbal fluency, cognitive flexibility, inhibition, working memory, switching, and concept generation (Marlow et al. 2007; Nosarti et al. 2007; Aarnoudse-Moens et al. 2009; Loe et al. 2015; Delane et al. 2016; Wehrle et al. 2016; Kroll et al. 2017) . The neurocognitive battery utilized in the current study included executive tests of abstraction and mental flexibility, vigilance and visual attention, and working memory (Gur et al. 2010) . Consistent with case-control studies, we found that lower gestational age was associated with poorer performance on these tasks. Furthermore, prior studies of brain regions and networks underlying executive functioning implicate the prefrontal/orbitofrontal cortices, as well as temporal and parietal cortices (Miller and Cohen 2001; Alvarez and Emory 2006; Houdé et al. 2010; Ikkai and Curtis 2011; Taylor and Clark 2016) . Likewise, we found executive functioning deficits were associated with smaller volumes in the orbitofrontal, temporal, and parietal cortices across the range of prematurity. These results were attenuated when those born extremely premature (<28 weeks) were excluded, supporting the notion that deficits associated with prematurity exhibit a gradation of severity. Together, our results suggest that the spectrum of prematurity has important implications for maturation of brain regions associated with executive functioning.
Interestingly, the current study found that cognitive deficits were primarily observed in the domain of executive function, consistent with prior work (Anderson et al. 2004; Taylor et al. 2004; Marlow et al. 2007; Nosarti et al. 2007; Aarnoudse-Moens et al. 2009; Wehrle et al. 2016; Kroll et al. 2017) , rather than social cognition or episodic memory. In contrast, one previous study showed poorer episodic memory performance in adolescents born with very low birthweights (Isaacs et al. 2000) . A number of studies show impairments in social functioning related to prematurity, including difficulty establishing relationships, greater shyness and behavioral inhibition, and lower social competence (Hille et al. 2008; Schmidt et al. 2008; Ritchie et al. 2015) . Furthermore, studies have investigated the correlation between structural alterations and impairments in social functioning in the preterm population. Nosarti and colleagues described an association between smaller caudate volumes and poorer social adjustment in preterm youth; however, this did not persist into adolescence (Nosarti et al. 2005) . Another study showed that poorer social cognition performance was associated with abnormalities of structural connectivity in those born extremely preterm (Fischi-Gómez et al. 2015) . However, these prior studies focused on social functioning, while the social tasks probed by the current study assessed the abilities to identify facial expressions of emotion, to decode the intensity of emotional facial expressions, and to identify the age of a face (Gur et al. 2010) . Although emotion identification may be a prerequisite for higher-order social cognitive skills, tasks that assess emotion identification are not identical to social functioning (e.g., parent/peer relationships, behavioral inhibition, social competence, etc.). Thus, given the tasks used, it may not be surprising that the current study did not find an association Gestational Age is Dimensionally Associated with Structural Brain Network Abnormalities Nassar et al. | 9 between gestational age and social cognition. Impairments in the ability to adequately identify emotions have not been widely reported in relation to premature birth; therefore, this specific skill may be less affected by prematurity than broader measures of social functioning.
The current study has both strengths and limitations. Despite leveraging a large sample of youth imaged through the PNC, data regarding gestational age was not available through electronic medical records for the majority of the participants who completed neuroimaging. Additionally, although we controlled for variables such as sex and level of maternal education, other potentially informative variables were not available such as medical comorbidities, neonatal complications, and steroid exposure, which may impact neurocognitive outcomes (Kersbergen et al. 2016; Taylor and Clark 2016; Young et al. 2016) . Although the large age range in the current sample could be viewed as a limitation, we have shown previously that the covariance of these brain structures is stable over the developmental age range (Sotiras et al. 2017 ) and we also controlled for age effects in the model. Furthermore, a larger sample of premature youth could be used in future work to determine whether the structural covariance networks themselves differ between preterm and full term youth. Additionally, our study was limited to emotion identification tasks; therefore, future work would benefit from examining tasks designed specifically to measure social cognition. Lastly, we caution that causal inferences regarding brain structure and cognitive function cannot be made from our cross-sectional mediation analyses. Moving forward, longitudinal designs with prospective data collection are needed to account for the temporal precedence between these variables.
In summary, these results suggest that the extent of prematurity is significantly related to both neurocognitive and structural brain deficits across development. Furthermore, abnormalities in specific orbitofrontal, temporal, parietal, and subcortical brain networks may in part explain the relationship between lower gestational age and executive impairment. The finding that executive deficits associated with the degree of prematurity persist throughout development has important implications for identifying individuals at higher risk of long-term neurodevelopmental impairment. Perhaps most importantly, the current data suggests that interventions that reduce the incidence of prematurity may have a substantial benefit to public health.
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